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PART I

INTRODUCTION

PART I

INTRODUCTION

Background
With the rebirth of special warfare in the last few years,
the role of the individual soldier and of squad-sized units has
been re-emphasized.

Most guerilla-type fighting has been, is

presently, and will most likely continue occurring in remote areas
of the world.

The terrain encountered may be tropical grasslands

and canopy areas, or rugged mountains, inland waterways, swamps,
mud flats and rice paddies.

Other adverse terrain conditions are

frequently encountered and must be crossed to accomplish the mission
of the unit.
Logistical problems in remote areas multiply over those
encountered in more favorable terrain.

The individual soldier and

the squad may have to be self-sustaining for days in remote areas.
Food, ammunition, weapons, and other supplies must be taken along.
As in the past, each individual soldier must carry his share of
the load.

With the present and future high rate of fire weapons,

the quantity of ammunition required has increased considerably over
requirements of few years ago.

With this extra burden, the mobility

and range of the individual is considerably decreased.

To gain

superiority over the enemy in warfare in remote areas, the individual
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must be able to move faster than the opponent, be better equipped,
and have a fire-power advantage.
In order to obtain superiority over the enemy, the individ
ual soldier must be relieved as a burden carrier,
be developed to do the work for the soldier.

A machine must

Such a vehicle should

be mobile, floatable and easy to operate by the individual.
be an aid to the individual, not a burden.

It must

It should have the general

characteristics of low cost, effectiveness, durability, reliability
and light weight.
In addition to the previously mentioned primitive need of the
military, there are other agencies which have operations requiring
a vehicle of similar characteristics.
Service and the sportsman.

Among these are the Forest

Since the requirements are similar, no

mention of any agency except the military will be made hereafter.
It was with this problem in mind that off-the-road vehicles
were assembled in the Fall of 19&2 (1) and the Summer of

1963 (2)

to participate in a remote area vehicle evaluation sponsored
Army Tank Automotive Center.

by the

The vehicles consisted of troop and

weapon carriers, one-man vehicles, remote or manually controlled
payload-only vehicles, and an

Army mule (animal).

The vehicles were

evaluated on a Go, No-Go basis over typical off-road terrain.
Assistance by the operator, if required, and the cause of immobil
ization were recorded.

Of all vehicles tested, only the Army mule

(animal) successfully completed all the test areas with a payload
and without the aid of the operator.

Lack of performance in the

other vehicles was due to many causes~the two main problems being
mechanical failures and insufficient mobility and maneuverability.
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Two of the one-man scooter type vehicles with payload capabilities
had some desirable inherent characteristics and were therefore
retested in the Summer of 196^.
and 2.

They are illustrated in Figures 1

Specifications are recorded in Appendix A.

The results of

the performance tests are taken from the abstract of the final
report (3):

"Code A scooter demonstrated adequated off-road mobility,

lacked durability and had limited cargo space.

Code B scooter

traversed hard surfaced and semi improved roads without difficulty,
but was unstable and difficult to operate when transporting bulky
loads over
motion.

15 inches in height, it was unsuitable for off-road loco

It was recommended that the test items be given no further

consideration for military use."

General Statement of the Problem
The results of the performance tests for the above mentioned
Code A and Code B scooters were compared in somewhat more detail
in the body of the above mentioned final report to the proposed
physical and functional characteristics for an off-road vehicle
which were provided the United States Army Infantry Board by the
United States Army Combat Developments Command, Infantry Agency.
These proposed physical and functional characteristics were provided
for guidance only and do not represent a formal coordinated infantry
requirement.

However, lacking a formal requirement, the proposed

physical and functional characteristics are considered, for the most
part, to be suitable and realistic criteria for evaluating the
military potential of one-man off-road vehicles.

The requirements

are listed below and are given as a general statement of the problem:

Figure 1

Code A Scooter

Figure 2.

Code B Scooter
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(1)

Be able to traverse narrow jungle trails, rain forests,

rivers, snow, ice, sand and desert, streams, savanna, swamps
marsh land and rough and rocky mountain slopes of
(2)

60% grade.

Payload of the vehicle, excluding driver, will not be

less than 400 pounds.
(3)

Must not weigh more than 150 pounds (essential);

100 pounds or less (desirable).
(4)

Possess an adequate ground clearance to provide the

capability of traversing obstacles up to 36 inches in
diameter.
(5)

Provide the operator with a steering capability

while mounted or dismounted.
(6)

Float with operator dismounted.

(7)

Height of the seat will not exceed 31 inches.

(8)

Shall not exceed 50 inches in height.

(9)

Must not exceed 24 inches in width (including handle

bars) and 12 inches in width (excluding handle bars).
(10)

Must include, as an integral part of the device, a

means of cargo restraint.
(11)

Be collapsible to facilitate loading in utility-type

helicopter or aircraft.
(12)

Have a speed range of from zero to 35 kilometers/hour

(21.7 miles/hour).
(13)

Have a cruising range of not less than 100 kilometers

(62 miles) at minimum operating speeds.
(14)

Possess an engine sound level that is inaudible to

the human ear at a distance greater than

25 meters (82.5

8
feet).
(15)

Be undetectable by human sense of smell at 25 meters

(82,5 feet).
(16)

Be free of engine smoke or combustion signature.

(17)

Be equipped to reduce engine noise in mounted radios.

Limiting the Scope of the Problem
The previously mentioned seventeen requirements cover several
disciplines of technical knowledge.

In order to limit the problem,

the objective of this thesis was to design a prototype vehicle which
would fulfill the military terramechanic requirements.

These are

requirements 1-6 and were treated as a group.

Comments on Other Requirements
Requirements 7-9 are dimensional requirements;

their main purpose

being to limit the size of the vehicle in order that mobility be
maintained through terrain containing vertical and overhanging obstacles.
The design of the prototype was made with the overall dimensional
requirements in mind.

Strict adherence to these requirements should

be handled at the time of frame synthesis.

At this time requirements

10 and 11 could be treated also.
Requirement 12 is a function of engine power, speed reduction,
and transmission and running gear efficiency.

Due to unknown losses

in the prototype equipment, the top speed requirement was not considered.
Requirement 13 also deals with power required and efficiency of
transmission.

However, only enough fuel was stored for short perfor

mance test runs.
Requirements l^J-17 are signature problems requiring technical
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knowledge of accoustics, filtration, and electronics.

They can be

treated as separate entities and will not be considered at this time.

PART II

PRINCIPLES OF TERRAMECHANICS

PART II

PRINCIPLES OF TERRAMECHANICS

Introduction to Principles
Since the objective of this study was to develop an operational
vehicle which would fulfill the previously mentioned military terramechanic requirements, it was necessary to examine the principles
concerning the relationship between terrain and/or soil and machines.
After this was accomplished the vehicle could be optimized by
considering the controllable variables along with available hardware
which would be used to match those variables.
Examination of the existing principles suggests that the present
knowledge of principles underlying rational development of off-the-road
locomotion may be compared to the knowledge of the principles of
aeronautics available at the turn of the twentieth century— apart from
progress in technological processes and in materials.
however, two fairly well defined areas of study.
of stability and plasticity.

There are,

These are the areas

The effect of time on the problems of

stability and plasticity must also be considered.

Stability Problem
A vehicle of adequate power moves across off-road terrain if the
strength of the ground is sufficient to support its weight without much
resistance to motion and to provide the thrust required for propulsion.
The reaction forces of the ground involved in locomotion are commonly1
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called "flotation," "traction," and "motion resistance."
The load carrying capacity of soils has long been studied in
soil mechanics under the general heading of the "stability problem,"
which investigates the state of stresses at the moment of incipient
failure of the soil through plastic flow.

This helps to determine

safe loads which may be carried without appreciable soil distortion
due to tractive forces and gives an approximate quantitative measure
of flotation on a surface level which may be attained without much
deformation of the ground.

Since the "stability problem" deals with

surface travel, i.e., negligible sinkage, it does not consider the
forces of motion resistance which become significant only when sinkage
occurs and travel takes place on a subsurface level.

Plasticity Problem
In many off-road conditions, the soil is in such a state that
movement without sizable sinkage and slippage is impossible.

The

corresponding deformation of soil causes motion resistance losses which
must not be overlooked in an analysis of locomotion.

The study of per

tinent stress-strain relationships in the plastic range of soils is
the subject of "plasticity."

Plasticity has application in defining

sinkage and motion resistance in terms of soil constants.

However,

traction on a subsurface level is still defined in terms of soil
sonstants determined under the "stability problem,11 though the study
of "plasticity" is concerned with subsurface travel.

The Time Effect
The present state of land locomotion mechanics provides only
approximate solutions to simplified problems of stability and
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plasticity without considering the dynamics of processes involved.
These solutions are acceptable mainly because the time factor is not
significant, as locomotion forces act upon the ground during the
heavy going for a fragment of a second or for a few seconds.

This

is long enough to eliminate the consideration of these forces as
dynamic ones, and short enough to forego all the complicated
processes of soil consolidation and snow metamorphosis (h).

Thus,

even crude solutions which neglect the time effect are justified.

A Solution to the Stability Problem
A solution to the stability problem will define traction on a
surface or subsurface level and flotation on a surface level in
terms of soil properties and ground-contact element characteristics.
To obtain a solution to the stability problem, it may be assumed
that the physical properties of soil are described in terms of constants
called friotion and cohesion.

The physical meaning of these constants

may be described in the following way.
Let a spud of a track or tire be loaded as shown in Figure 3-A with
vertical force, W.

Where W is the weight of the vehicle.

When

moving, the track or wheel develops force, H, produced by the shearing
strength of the soil, which is called the gross tractive effort or
soil thrust.

In both cases, the spaces between the spuds or tread

beeeme paeksd with soil within the ground eontaot area A, and, when
the vehicle develops maximum tractive force, H-^, shearing of soil
on soil occurs along that area.

This is known as grip failure.

If

the ground is plastic, i.e., wet snow or clay, then the tractive
force remains practically constant irrespective of the value of W,
as shown in Figure 3-B.

This may be roughly explained by the existence

Figure 3«

Soil Shear
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of cohesive forces which bind soil grains, or snow crystals, through
capillary action of moisture films and other complex physical phenomena.
These forces do not change appreciably under outer pressure and may be
compared to the sticking power of glue which holds particles together
irrespective of pressure they exercise upon each other.

The force

required to shear such a glued area is proportional to the size of the
contact area A and to the stickiness of the soil mass.

The stickiness

is expressed in such a case by the coefficient of cohesion C,

Thus

the maximum gross tractive effort for both the track and tire is given
as:
H = A C
However, if a frictional mass of soil is considered such as dry
sand or cold "sugar" snow, the situation is different.

Sand or

frozen snow grains are not necessarily held together by any kind of
cohesive force.

They are loose and may move upon each other with ease,

particularly if the grains are not too coarse.

If the grains are

pressed against each other, friction develops among them and they
cannot move, thus offering resistance.

As a result, if the sand

enclosed between track grousers or tire treads is sheared against
the stationary sand mass, a force H of different character is developed.
This force is not constant and increases proportionally to load W
as shown in Figure 3-C in accordance with the law of friction:
H = W Tan 0
Where 0 is the so-called angle of friction.

Traction
Most soils are neither purely plastic nor purely friotional,
but are mixtures of both types of phenomena.

In such a case, if the
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weight of the vehicle is increased, the gross tractive effort will
increase in a way which is a combination of that shown in Figure 3-D.
Thus, by adding the two equations, the following relationship will be
obtained to determine the behavior of a frictional cohesive soil under
load,

W, with reference to its shearing force H:
H = A C + W Tan 0

In the case of soils, the yield condition above, which was proposed
by Coulomb, is generally accepted (5).
Snow strength cannot be defined in terms of a straight line
represented by Coulomb's equation.

However, Bekker

(k) suggests

that for limited pressures applicable to land vehicles the corresponding
portion of the shear curve can be approximated by a straight line.

Thus,

snow strength, as far as mobility is concerned, may be defined in
terms of C and 0.

Flotation on a Surface Level
Designers of motor vehicles, when desiring to cross soil weaker
than that negotiable, invariably stress the need for more "flotation."
This requirement is usually interpreted as the need for less sinkage,
and thus for larger ground-contact area and lower ground pressure.
The difficulty is that soil, unlike water, has no uniform properties,
and its bearing capacity as well as load-sinkage relationships cannot
b® expressed in simple fora similar to Arakimedas1 law*

A lead

which is safe because it can keep the vehicle on the ground surface
"afloat" in one soil, or soil condition, may not be safe in another.
In addition, the same ground pressure applied to different forms of
tracks and wheels will produce different sinkage.
As discussed by Terzaghi (6), two values, C and 0, are needed

1?
to determine the safe load, Ws, which would keep the loaded area. A,
on the ground surface.

The relating equation is:

Ws/A = C Nc + I 2 Nq + 1 Y B Ny
Where Nc, Nq, and Ny are constants depending on 0 as shown in Figure
Y is the density of the soil; Z is the initial sinkage; and B is
the contact area width.

Angle of
Friction
0-Degrees

?0

50

30

10

Nc and Nq
Figure

20

60

100

Ny

Soil Bearing Capacity.

Ground pressure alone will not suffice to define flotation on
a surface basis with negligible sinkage since in addition to the size
of the contact area, A, the form of the contact area must be known as
defined by the smaller dimension of width, B, in the above equation.
From this equation it is also evident that soils possessing frictional
properties will have varying flotational characteristics depending on
the width, B, of the contact area.

Therefore, for soils having

frictional properties, the wider the contact area for a given area,
the more load the soil will stand on a surface level flotation basis.

A Solution to the Plasticity Problem
The previous discussion is valid only for surface crossing with
negligible sinkage as far as flotation and motion resistance are
concerned.

Once the loads safe for surface travel are exceeded and

the vehicle goes down, the problem of plasticity is encountered and
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the relationships between flotation and motion resistance must be
defined in terms of a new set of soil constants.

These constants

are: Kc, a modulus of deformation due to the cohesive ingredient of
soil; K0, a similar modulus due to the frictional component of the
ground; and N, a parameter which depends on how loose the soil is.
The parameter N is therefore a function of moisture content and
density.

These parameters are more difficult to describe and

determine than those of the stability problem.

They can be determined

in fairly homogeneous soils using apparatus similar to a soil penetrometer
as outlined by Bekker (4).

Flotation on a Subsurface Level
The equation relating sinkage to vehicle weight in terms of soil
and contact area constants is:
Z » ( p/ (Kc/B+K^y1/" = ( (W/A)/ (Kc/B+K0) )1/n
where the soil constants are defined as above.
element is B, with A being the area.
as P.

The width of the contact

The ground pressure is designated

This equation indicates that the wider the ground contact area,

the deeper the sinkage for a given area and load once subsurface travel
occurs.

This has been known from observations and theoretical evaluations

in the field of soil mechanics.

Likewise, from experience with motor

vehicles, the above lesson has been learned, although the puzzle of
why the same ground pressure should cause more or less sinkage in the
same ground was not quite understood.

Motion Resistance
It has been customary to call "internal motion resistance" those
forces opposing vehicle motion which are generated within the vehicle

19

itself due to friction, vibrations, hysteresis, etc.

The "external

motion resistance" defines forces which are created by soil deformation
that do not produce thrust.

The majority of external motion resistance

is caused by three factors:

(a) compaction of soil, (b) bulldozing of

soil, and (c) dragging of soil particles trapped by suspension and
protruding vehicle elements.

Since external motion resistance of any

significance occurs only when considerable sinkage is present, the
inter-relation between motion-resistant forces and vehicle geometry
is defined in terras of the soil parameters determined from the plasticity
problem.

Compaction
Resistance due to deforming the soil beneath the ground contact
element is referred to as compaction.

Equations regarding soil

compaction (4) show that an increase of length of the ground contact
area reduces the compaction much faster than a comparative increase
of the width B.

However, the exponential character of these functions

tends to reduce compaction with the increase of length in such a manner
that there is a point where further increase of these elements will not
be beneficial.

Bulldozing
When a soft upper layer of soil is easily compressed so that
the motion of the vehicle, taking place upon the stronger bottom layer,
results in a visible pushing of a substantial soil mass in front of the
track or wheel, the resulting resistance is referred to as bulldozing.
Equations approximating bulldozing resistance (h) show resistance
increasing rapidly with the increase of track width, and with the angle

20

of attack of the ground contact element.

Thus a narrow track is better

than a short wide one, all other conditions being the same, when
unstable soils are encountered such that subsurface travel is necessary.

Drag
The third kind of motion resistance is the previously mentioned
drag created by vehicles trapping soil either through adhesion to
metallic parts or through mechanical scooping by protruding parts.
Little work has been done in this area.

However, available literature

suggests that drag decreases as the running gear becomes more stream
lined.

The running gear being the ground contact element and associated

suspension equipment.

The specific shape, however, would depend upon

the speed at which the running gear moves through the medium.

PART III.

DESIGN

PART III

DESIGN

Design Decisions and Basis
In order to form a basis for design decisions so that the design
of a prototype vehicle could be designed in terms of hardware, four
pertinent areas were considered and the results correlated into a
conceptual design.
1.

These areas were:

Examination of characteristics of the most successful

vehicle thus far designed— -Code A scooter, Figure 1.
2.

Consideration of the principles of terramechanios

to determine controllable variables— -Part II.
3.

Preliminary investigations of hardware available

for prototype construction.

k. Consideration of military requirements correlation
of all four areas into a workable design.

State of the Art Considerations
The desirable characteristics of Code A scooter suggested that
the prototype be constructed along the lines of a scooter-type vehicle
as far as overall dimensions, operator position, and directional
control are concerned.

The mobility of Code A scooter demonstrated

the necessity of a large contact area for the running gear.

The large

tires used on Code A scooter proved to be an ineffective method of
accomplishing this due to space requirements, high center of gravity.
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and weight involved in large tires.

Consideration of Basie Principles
A review of the principles of terramechanics showed the necessity
for a high contact area of the running gear in order to increase
traction according to Coulomb's equation and to improve flotation
and decrease compaction.

Powering of all ground contact elements

is a necessity as evidenced by Coulomb's equation as related to
the mathematical model in Appendix C.

Unpowered ground contact elements

become an external resistance to powered elements.

The mathematical

model dictates that vehicle weight be kept at a minimum and that
the center of gravity be kept low and as far forward as possible for
ascending grades and low and as far rearward as possible for descending
grades.

Preliminary Hardware Investigation
In order to determine if a track made by removing the sidewall
from a garden type tractor tire would provide sufficient flotation
on a surface level, a brief analysis was conducted.

Using the surface

level flotation equation described on page 17,
Ws = A (C Nc + I Z Nq + | Y B Ny)
a plot of C versus 0 was made using vehicle weight plus loading
requirements for Ws, and possible track geometry for A and B.

Possible

ranges of soil and snow properties were determined from available
literature and are listed below:
Material

Coefficients of friction

Sand

.45-1-0

Snow, Dry

.27-.80

Material

Coefficients of cohesion— lbs/in^

2k

Plot of C vrs» 0
mad© using the surface flotation
equation:
Ws = A (C Nc + I Z Nq + | I B Ny).
Track Area, A, = 2^+0 in?
Track Width, B, = 6 in.
Ws = 700 lbs
Nc, Nq, and Ny are soil
parameters dependent on 0.
Y is the soil or snow density.

Curve for snow having density,
Y--.0043 lbs/inV

Angle of
Internal
Friction
0— Degrees

Curve for soil having density
I s .0^-3 lbs/inV

.2

U

.6

.8

1.0

C— Coefficient of Cohesion (lbs/in?)
Figure
Plot of C vrs. 0. Soil or snow having properties below
the respective curves will not give suitable flotation for the
given loading and contact geometry of the running gear.
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Clay

. 0-28

Snow, wet

0- 1.6
Density— lbs/in^

Soil in general

.043—

Snow

. 0043—

76

008

The plot of C versus 0 was made by choosing 0, determining corresponding
values of No, Nq, and Ny from plot on page
This plot is shown as Figure 5*

17, and then solving for C.

Soils or snow having properties

below the respective surves will not give sufficient flotation for
surface travel with the given track geometry and weight requirements.
Soils or snow above the curve will provide sufficient flotation.
Comparison of soil and snow properties below the curves with soil and
snow known to have such properties suggests that vehicle mobility will
be affected in some areas.
clay.

These areas include both wet snow and wet

Snow and clay approaching the fluid state have no frictional

properties and little if any cohesive properties, in actuality their
properties are not ascribed to those of the granular mass.

It is in

these saturated and supersaturated media that considerable sinkage
would result and immobilization would occur.
In view of the above results it was decided to use the track
made from the garden tractor tire.

Realizing of course, that mobility

would be affected in very wet snows, and clays approaching a fluid
state.

Since this type of clay is generally found near a water source,

it seems the water could be used as the traversing medium.

In the case

of snow, a lighter payload seems to be the only solution to improve
mobility for the above mentioned track.
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Consideration of Military Requirement
Military requirements for payload capacity coupled with the need
for a low center of gravity suggested the payload be below the operator1s
seat and between the operator's legs.

This however eliminates the

possibility of sufficient ground clearance to traverse 36 inch diameter
obstacles as mentioned in the requirements.

Therefore, it was decided

to use operator assistance to manhandle the vehicle over such obstacles.
Investigations regarding weight requirements of the military
coupled with available hardware showed that the requirement could not
be met using stock hardware and easily fabricated structural materials.
Therefore, in order to avoid the prohibitive cost of building light
weight components and the difficulties in fabricating high strength
light-weight materials, another approach was sought.

It was decided to

use stock parts and readily available materials and then consider the
excess weight as payload.

This excess weight was then approximated

and deducted in order to meet vehicle weight requirements.
Military requirements dictated that the vehicle float.

Pre

liminary investigations showed that pontoons made from two outriggers
and four

7»10-15 inner tubes with a displacement of approximately

23 ft-3 would float the vehicle with or without the operator.

Calcu

lations, using Archimedes' principle, showed that the pontoons and
submerged vehicle parts would have to displace 11.2 ft^ of water to
float the vehicle weighing

250 lbs., an operator weighing 150 lbs., and

payload weighing 300 lbs.

Description of Design
General Description
The vehicle designed and built in an attempt to meet the mili-

Figure 6.

Prototype Vehicle - Right View

Figure 7«

Prototype Vehicle - Top View

Figure 8

Prototype Vehicle - Left View
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tary terramechanic requirements is illustrated in Figure 6, 7, and 8.
Basically, this consists of a two-track drive scooter-type vehicle.
It was powered by a 2-cycle gasoline engine through a hydrostatic
transmission.

Speed, direction, and braking control were accomplished

manually by the operator through hand grips mounted on the handlebars.
The running gear was able to pivot about the points at which it
connected to the frame.
seat.

Cargo space was provided beneath the operator’s

The use of pontoons made the vehicle floatable.

Running Gear
The running gear is illustrated in Figures 9 and 10.

Each track

(a) was made by removing the side wall from a 6.00-12 traction-type
garden tire.
tires.

Each track was made to run on two 13X5*00-6 terra-type

The front tire in each unit (b) turned on an axle fixed to the

structural members separating the tires.

The rear tire in each unit

(c) was driven by an internal-gear hydraulic motor (d).

The shaft of

the hydraulic motor was positioned into the wheel hub and served as
part of the rear axle.

The gear motor was mounted to the structural

member by a mounting block as shown.

The separating structural member

(e) had a screw jack as an integral part for the purpose of holding
the track in tension.

Dimensional specifications are as shown.

Hydrostatic Transmission
The basic components of the hydrostatic transmission are illustrated
in Figure 11.

They consisted of a hydraulic pump and integral value

block (a), connected in series with two hydraulic motors (b) with
flexible hydraulic hose.
and cooling are shown.

In addition, a secondary circuit for filtration
These consisted of a filter (c) connected with

Figure 9.

Running Gear - Side View

Figure 10.

Running Gear - Top View
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copper tubing to a reservoir (d).

A schematic of the complete hy

draulic circuit is shown in Figure 12.

Hydraulic Pump and Valve Block
The hydraulic pump and valve block were obtained by modifying
an "in line" Sundstrand Hydrogear Transmission which currently has
application on garden tractors (7)*

Modification consisted of

removing an integral gear motor from the original unit and adding an
adapter plate to accommodate the existent porting.

As shown in

Figure 12, the pump was an axial piston, variable displacement type.
A swash plate was used to control displacement.
formed an integral part of the pump system.

A low pressure pump

It replenished oil lost

in lubrication slip in the closed-loop circuit and circulated oil
through the filter and reservoir.

The low pressure pump also super

charged the intake side of the axial piston pump through flow-direction
check valves and served as an auxilliary fluid-power source.

The

acceleration control valves damped out pressure surges due to accelera
tion.

A needle valve, as shown, was located in the valve block also.

With the valve opened the vehicle could be free wheeled.

Specifications

are included in Appendix B.

Gear Motors
The internal gear motors are shown pictorially in Figure 11 and
schematically in Figure 12 0
Char-Lynn Company.

They are a Model AE Orbit motor built by

Basically, they are a low-speed, high-torque motors.

Engine
The prime mover as shown in Figure 11 , ItemF, is an 8-horsepower,
2-cycle gasoline engine built by Chrysler Outboard Corporation

■P-

Figure 11

Power and Transmission Components

VjO

VA

Figure 12

Schematic of hydraulic Circuit

Frame

The frame of the vehicle was made from steel tubing in square,
rectangular, and round sections having wall thicknesses of l/l6 in.
and 3/32 in.

Controls
The controls were operated by two hand grips on the handlebars.
The right hand control changed engine speed through a cable linkage
and throttle valve.

The left hand control changed the displacement

of the hydraulic pump through a cable and lever linkage connected
to the pump swash plate.

Forward, reverse, and an infinite speed

range from zero to top speed was possible by merely changing the
swash plate angle.

Dynamic braking of the vehicle was also possible

since the gear motors could not drive the piston pump.
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Purpose and Method of Determining Performance
In order to determine if the prototype vehicle would satisfy
the military terramechanic requirements, field tests were conducted.
The vehicle was operated under three loading conditions in terrain
typical of that in the requirements or containing those critical
elements and soil conditions found in such terrain.

Field test

areas were described and vehicle performance recorded.

A quantitative

description of soil condition was nearly impossible due to variation
of factors which characterize such terrain.

Field Tests in General
The vehicle was operated in the five following terrain types:
(1) Sand (frictional soil), (2) Mud (plastic soil), (3) Water, (^)
Rough and Rocky-Mountain Slopes, and, (5) terrain containing obstacles.
Although this does not include all the terrain types mentioned in the
requirements, it does include most of the critical factors which tend
to immobilize

a

vehicle

when attempting to traverse such terrain. Snow

and ice were not included.

Tests were not run in these media because

of the summer season in which the tests were conducted.
appear, however, that ice would present any problem.

It did not

Preliminary

investigations regarding flotation, the chief cause of immobilization
in snow, suggested that most snow types could be traversed especially
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at a reduced payload.

This however would depend on the specific snow

properties as well as the depth of the snow cover.

Method of Describing Test Areas
Terrain types in which field tests were conducted were described
in general using photographs.
protractor combination.

Grade was determined using a level-

Grade is defined as the angle of inclination

of the terrain with respect to the horizontal.

It is expressed in

degrees or as the tangent of the angle in decimal or percentage form.
Coefficients of cohesion, C, and friction, 0, were estimated using
visual-manual methods.

No available methods of determining an estimate

of K0, Kc, and N were found in the literature and hence no attempt
was made to measure these.
The soil properties C, 0, K0, Kc, and N can be determined with
considerable accuracy and repeatibility in the laboratory.

Parameters

K0, Kc, and N can be determined as outlined by Bekker (4) using
equipment similar to a soil penetrometer.

Parameters C and 0 can be

determined using a variety of methods including the direct shear, and
unconfined compression tests as outlined by Hough (8).

Laboratory

tests for these values however require a homogeneous soil sample as
to structure, soil type, and moisture content.

In addition the soil

should be free of undecomposed organic matter and foreign objects
suoh

as rooks and sticks*
The soil involved under vehicle action is generally surface soil

or near the surface.

As a result it contains undecomposed organic

matter and foreign objects.

It is also non homogeneous since soil

type, structure and moisture content vary with the variety and
combination of soils present in a given area, the soil consolidation,
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and numerous other factors.

Therefore, determination of soil properties

using laboratory methods, would at best, give only a general indication
as to representative soil properties.

There are, however, visual-manual

methods for estimating the soil properties of friction, 0, and cohesion,
C. (8), (9).

They were used in the field tests of the prototype vehicle

and are outlined below.

Description of Plastic Soil
Saturated and approaching fluid state.

C (lbs/in^)
.1— .0

Very soft— Squeezes between fingers when
fist is closed.

3— .1

Soft— Easily molded by finger.

7— 3

Firm— Molded by strong pressure of finger.

14— 7

Stiff— Dented by strong pressure of finger.

21— 14

Very Stiff— Dented only slightly by finger
pressure.

28— 21

Hard— Dented only slightly by pencil point.

above 28

Description of Frictional Soil

Tan 0

Loose

.48-.58

Packed

.58-68

Silts

Sand, Medium to Fine Grained:
Loose

.48-58

Packed

.68-.73

Sand, Coarse:
Loose

.58-68

Packed

.84-1.00

Angular Rock and Crushed Gravel:

.84-1.00
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Describing Vehicle Performance
The vehicle was evaluated on a Go, No-Go basis with three types
of loading.

They included: (1) the vehicle (250 lbs.), plus the

operator (150 lbs.), and payload (300 lbs.); (2) the vehicle and
operator only; and (3) the vehicle.

Weights were of iron in 50 pound

increments and were secured to the vehicle with rope snubbers.

Cause

of immobilization and assistance by the operator, if required, were
recorded.
It was estimated that approximately 100 pounds in excess weight
in the prototype could be removed using light weight components and
materials.

This weight could be considered as payload in addition to

the 300 lbs. mentioned above, thus bringing the payload capacity to
400 lbs. which is the military requirement.

Reduction of this weight

from the vehicle would bring its weight to 150 lbs. thus meeting the
military requirement.

Prototype Performance in Field Tests

Performance in Sandy Terrain
This area consisted of a steep grade covered with sand of fine
to medium grains, as shown in Figure 33 .

The sand was loose and dry

and therefore almost totally frictional.

The angle of friction was

estimated at between 26 and 30 degrees.

The vehicle was operated on

a trail which was cut across the hill.

The grade of the trail increased

steadily in slope, making the critical grade at which immobilization
took place simple to determine.

The results are as follows:

Loading Condition.

Grade at Immobilization

Operator + 300 lbs

27$

F i g u r e 13.

Vehicle Operating in Sand

^3

Operator

40$

Unloaded and Assisted
by Operator

49$

The main cause of immobilization was due to insufficient traction.
Sinkage before considerable slip took place was negligible.

Sand

entering the track was expelled with no apparent difficulty.

Operation

of the vehicle in sand or desert areas where frictional soils occur
would satisfactorily fulfill military requirements.

Performance in Mud
This area consisted of mud flats that ran adjacent to the
receeding waters of a shallow lake as shown in Figure 14.

The mud was

basically of a high clay, low silt, highly organic structure.

The

shear strength varied from 21-14 lbs/in^ at points where the mud had
been dried out to 3-.1 lbs/in
water.

and lower at the waters edge and in the

The latter actually approaching a viscoelastic fluid which is

not characterized by properties of the granular mass.

The medium was

basically plastic with little or no frictional properties.

The vehicle

was operated in the unstable mud at the waters edge and in the water as
shown in Figure 15.

The vehicle operated successfully with the operator

plus the 300 pound payload in mud located at the waters edge and in
the water.

A slightly firmer sub-grade existed at depths varying

from 6 to Id inches due to soil consolidation.
The same area contained a peat bog located in water of approximately
1 inch in depth.

The bog material was almost in the form of a very thick

slurry having cohesion properties estimated at .1-0 lbs/in^.
firmer sub-grade existing at about 30 inches depth.

A slightly

The vehicle

traversed the bog with considerable assistance from the operator.

With

Figure 14.

Vehicle Operating in Mud

Figure 15. Vehicle Operating in Water Covered Mud
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the operator mounted, the vehicle became immobilized due to excessive
sinkage and resulting motion resistance from bulldozing and drag.
In view of the fact that mud approaching a fluid state and peat
bogs in a near slurry state generally exist near a water source such
as the lake in the above mentioned area, travel in such areas could
be accomplished using water as the traversing medium.

In all other

more stable muds the vehicle had suitable mobility to fulfill the
military requirements.

Performance in Rough and Rocky Mountain Slopes
Two areas were included in this evaluation.

The first as

illustrated in Figure 16, consisted of a steep grade on which all
vegetation had been removed due to the attempt of other off-the-road
vehicles to traverse the area.

A covering of sandy clay in the form

of a powder lay over the area in depths of from 1 to 6 inches.
this existed an impenetrable subgrade of the same material.

Below

The dry

powder was almost totally frictional as evidenced by its fine granular
nature.

The results of the vehicles performance are as follows:
Type of loading

Grade at immobilization

Operator + 300 lbs.

49$

Operator + 200 lbs.

62$

The cause of immobilization in both cases was insufficient torque on

the rear track and insufficient traction on the front track. The
torque rating on the rear gear motor was exceeded, and there was
insufficient normal force on the front track to force the grousers
deep enough into the soil to prevent soil grip failure.
The second area, as shown in Figure 17, consisted of a steep
)
grade covered with a slight amount of dry vegetation. The soil was

F i g u r e 16.

Vehicle Ascending Mountain Slope

.v jr

F i g u r e 17.

Vehicle Descending Ro u g h and R o c k y Moun t a i n Slope
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in a very porous State due to lack of moisture.

The soil was frictional

in nature but did contain very slight cohesive properties due to rein
forcing by vegetation present.
the surface and subsurface.

The area was strewn with rocks on both

The vehicle performed with the following

results.
Type of Loading

Grade at Immobilization

Operator only

46$

Operator + 300 lbs.

32$

Assisted by dismounted
Operator

58$

The dynamic braking system of the hydraulic transmission was tested
by descending grades in this area.

The maximum grade descended was 44

degrees and there was sufficient traction under the dynamic braking to
maintain a safe descent.

Grades in this area were also traversed

using "side hilling" methods.

This consists of criss crossing in a

switch back pattern to traverse hills.

The vehicle performed satis

factorily with the operator mounted.
It therefore was apparent that the military requirement of mobility
on

60$ slopes (approximately31 degrees) could be met.

This may require

the use of "side hilling" with loads exceeding the operators weight in
soils which are primarily frictional as was this area or frictionless
soils with low cohesive properties.

Performance Over Obstacles
In order to simulate terrain containing obstacles such as fallen
trees in forest areas, logs of various diameters were used.

Obstacles

up to 14 inches in diameter were traversed with assistance from the
mounted operator.

Obstacles up to 24 inches were traversed with
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considerable assistance from the operator.

Obstacles larger than this

would have to be considered impassible due to the great amount of
man-handling required.

A reduction of vehicle weight would of course

make reconsideration necessary.
The results of the test showed that the vehicle did not meet
military requirements of traversing obstacles 36 inches in diameter.
Meeting this requirement would require a nearly continuous track
beneath the vehicle to prevent high centering, if the military require
ment on operator seat height of 31 inches is to be maintained.

Performance in Water
In order to determine if the vehicle could traverse water in the
form of lakes, rivers and streams pontoons made from inner tubes were
attached to the vehicle with out-riggers as shown in Figure 18.
area consisted of a shallow lake.

The

The vehicle floated successfully

in the water with or without the operator, thus fulfilling military
requirements.

The pontoons provided sufficient stability to keep

the vehicle upright with the operator mounted.

Propulsion in the

water required that the top of the track be above water level in order
that propulsive forces would not cancel.

F i g u r e 18.

Vehicle Floating

on Pontoons
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Conclusions
There are three conclusions that can be made as a result of this
design study:
(1)

In order to fulfill the military requirements

dealing with terramechanics, an off-road vehicle
must have ground contact elements that involve
large masses of soil under vehicle action.

This

requires running gear with large ground contact
areas as well as powering all ground contact
elements of the running gear.
(2)

Hydrostatic transmissions can provide

convenient ways of powering all ground contact
elements, as well as giving the vehicle a
simple, responsive control system with inherent
safety factors.

(3)

The prototype vehicle would meet all the

military t®rramgQhanie requirements except the
requirement of traversing obstacles 36 inches in
diameter.

This would require a continuous track

beneath the vehicle to prevent high centering, or
an exceptionally light vehicle which could be
man-handled over such obstacles.
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Recommendations
The prototype vehicle as now constitued satisfies the majority
of the military terramechanic requirements.

However it has some

very serious problems of a development nature which must be solved
before a workable soldier proof vehicle could be produced.

It is

recommended that the following problems be given consideration.
(1)

Unnecessary weight must be removed from the

vehicle structure and components.
(2)

A track must be designed that has low energy

absorbtion characteristics and high durability.
(3)

Hydraulic components must be designed such

that hydraulic lines and motors are integral to
the frame or running gear to prevent damage
during operation in off-road terrain.
It must be realized, however, that solutions to these problems
would require a great deal of time and financial assistance.

APPENDIX

APPENDIX A

SPECIFICATIONS OF CODE A AND CODE B SCOOTERS

Code A Scooter
Length, overall, in.

77

Width, in.

28

Height, overall, in.

41

Ground clearance, in.

15

Weight, unloaded, lb.

200

Engine

Air-cooled, 1 cylinder,
2-cycle, 9 horsepower

Drive

Chain, 2-wheel

Tire size, in.
Outside Diameter
Width

28
8

Speed, mph

25

Range, miles

500
Coda B Scooter

Length

59

Width

22

Height, overall, in.

36.5

Ground clearance, in.

8

Weight, unloaded in lbs.

125

Engine

Air Cooled, 1 cylinder,
4 cycle, 4 horsepower

Drive

Chain, 1-wheel
-
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5?
Tire size

5.00x8 low pressure

Speed, raph

20

Range, Miles

75

APPENDIX B

SPECIFICATIONS OF COMPONENTS

Pump and. Valve Block
Closed Loop Circuit:
Maximum Pressure, lbs/in^
Flow Rate gal/min
Speed of Input Shaft, rpm

2250
20
4000

Filter Circuit:
Maximum Pressure, lbs/in^

425

Normal Operating Pressure

75

Flow Rate, gal/min

3

Filtration:

10 micron filter
80 mesh strainer
Gear Motors
o
Maximum Pressure, lbs/in*1

1200

Back Pressure, lbs/in^

1000

Speed, rpm

335

Output Ter$u§,' lb»in
Flow rate, gal/min

58

1465
15

APPENDIX C

MATHEMATICAL MODEL

In order to determine the stability of the vehicle a math
ematical model was used as shown in Figure

19.

In order to maintain stability the following relations must
hold:

Fy * Ws- Wn = 0

Wn = normal force
«= W cos 0

5.FX = R ^ + R ^ - W-t - Rm = 0

Ws = flotation force
“ Rly + R 2y

Slue = Wn Li - Wt L 2 - T = 0

Wt = W Sin

6

Rm = External motion
resistance.

T = Torque at the
tracks
“ (Rlx + R 2x>
Rlx + r 2x “ Tractive
force

These equations do not include all the forces on the static free
body.

They merely state the relationship for dynamic vehicle

stability.

Conclusions concerning design as determined from math

ematical model and equations are:
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I

Figure 19•

Mathematical Model

6l
(1)

Vehicle weight should be held to a minimum.

(2)

Center of gravity should be as low as possible.

It should also be located as far forward as possible
for ascending hills, and as far backward as possible
for descent.
(3)

Tractive and flotational forces should be

maximized, and motion resistance forces should be
minimized.
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ABSTRACT

The purpose of this thesis was to study the design of a
one-man off-the-road vehicle in an attempt to fulfill the
military requirements for such a vehicle.
The basic principles of terramechanics, or interrelation
ship between machines and soil, were reviewed.

A mathematical

model and state of the art considerations were discussed.
Using these three areas as a basis a prototype vehicle was
designed, constructed, and evaluated in light of the military
requirements.
A strict quantitative analysis of the prototype was
impossible due to the nature of soils found in the areas where
field testing was conducted.

However, the general terrain was

described photographically, grades were recorded, and soil
properties estimated.
The evaluation showed that the vehicle would meet
military requirements in all but the area of crossing obstacles
36 inches in diameter.

Payload and vehicle weight requirements

could be met.
It could be concluded from this study that in order to
meet military requirements the vehicle must involve large
masse* of soil under tractive and flotational forces if
mobility in oritioal off-the-road terrain is to be maintained.

1

2
It can also be concluded that hydrostatic transmissions provide
a safe, responsive, convenient way of powering all ground contact
elements.

